This paper discusses the principle of AC electroosmosis and its use to move the bulk of an electrically conducting fluid in a microchannel as an alternative to mechanical pumping methods. Previous EO driven flow research [1-3] has looked at the effect of electrode asymmetry and transverse traveling wave forms on the performance of electroosmotic pumps. This paper presents an analysis that was conducted to assess the effect of combining an AC signal with a DC bias when generating the electric field needed to impart electroosmosis within a micro-channel [4]. The analysis was done using COMSOL 3.5a in which previously developed equations [1-2] were embedded and used to evaluate the effects of the frequency of excitation, electrode array geometry, and the AC signal with a DC bias on the flow imparted on an electrically conducting fluid. A single type of fluid was simulated to date. Experimental flow measurements were performed on several pump configurations manufactured using typical MEMS fabrication techniques. The experimental results are in good agreement with the simulation data. They confirm that using an asymmetric electrode array excited by an AC signal with a DC bias leads to a significant improvement in flow rates in comparison to the flow rates obtained in an asymmetric electrode array configuration excited just with an AC signal.
I. Introduction
Micropumps are developed based on mechanical and nonmechanical driving methods to control the flow of different types of fluids in a wide range of applications. Nonmechanical pumps have several advantages over mechanical pumps [5] , such as higher reliability (due to minimal or no moving parts), easy implementation into microfluidic devices, and continuous pumping of fluids. One such non-mechanical pumping method utilizes electroosmosis (EO) to move fluid through a micro channel.
EO utilizes suddenly developed surface charge that arises from the contact of a fluid and a solid interface. When this contact occurs, an electric double layer (EDL) is created for the fluid-electrode interface [6] . The EDL, a region of excess charge formed by the counter-ions shielding the electric field of the wall, supports a net excess of mobile ions with a polarity opposite to that of the wall. A force can be imposed on the fluid bulk by using the EDL [7] .
Problems arise when the EDL is created using a direct current (DC) power supply. Since DC EO pumps are operated at high electric fields generated by the electrodes, hindrances such as electrode degradation, hydrodynamic instabilities and electrolysis, which produces bubbles and reservoir pH variation, occur within the microchannel [8] . For these reasons, alternating current (AC) EO pumps have been developed to combat these issues associated with DC EO pumps.
AC EO allows for the use of a small, AC power supply for electrode activation in combination with high excitation frequencies to limit the effects of electrolysis seen in DC EO pumps. A pair of symmetric electrodes that utilize alternating voltage will generate local flow vortices and will not generate a net flow in the channel. Asymmetric electrodes with alternating voltages, 3-D stepped electrode arrays, or symmetric electrodes using either travelling wave voltage on the electrode arrays or AC voltage with a DC bias applied on the electrode arrays are all acceptable methods to generate a net flow throughout the channel [8] .
The AC EO pump described here consists of an applied AC voltage with DC bias, called biased ACEO [4] . ACEO induced by electrochemical reactions (i.e. Faradaic charging) generates co-ions from electrochemical reactions. When the electrode is positively charged, it goes through the reaction according to the Faradaic's law. On the other hand, capacitive charging attracts counter-ions from the electrolyte to screen the electrode potential. Capacitive charging and Faradaic charging coexist and compete for dominance when the electrodes are energized under biased conditions. The biased U.S. Government work not protected by U.S. copyright ACEO scheme (see Figure 1) is built on the fact that the two electrodes in a pair undergo the two distinct polarization processes. There are two advantages to such an approach. First, it breaks the mirror symmetry of electric fields and, consequently, that of surface flows. If Faradaic charging occurs on one electrode while capacitive charging takes place on the other, the ions of the same sign populate the electrode surface and they migrate in the same direction under the influence of the electric fields. As a result, a unidirectional flow is produced at the electrode surface. By adjusting the amplitude and frequency of AC signals, a variety of directed surface flows are produced on electrodes to manipulate and transport particles. The AC voltage with DC bias will allow for the bi-directional control of the device without altering the geometry [4] . Electrolysis will again result from the application of a DC voltage, but it should be minimal due to the inclusion of the AC voltage. II. Theory
The interaction of the charge in the EDL and the tangential component of the electric field over the electrode contribute to cause EO flow. The model developed for AC EO is built upon a linear analysis of the AC EO flow [1] [2] . In developing this model, a number of assumptions were made to facilitate the decoupling of the electrical problem from the fluid problem [1] . In this model, the EDL is represented as an equivalent electric circuit. This model will be used to gain simulated data for comparison to experimental results.
A. Electrical Analysis
In order to calculate the fluid flow over the electrodes, the electric potential and the corresponding electric field need to be solved for within the control volume. Using the HelmholtzSmoluchowski formulation, the fluid flow due to EO can be calculated via the results of the electric potential and resulting electric field. Following the numerical approach proposed by Loucaides, Ramos, and Georghiou (2007), the electrical problem and corresponding fluid flow problem can be solved. The assumptions used in this approach state that the electrolyte has constant viscosity and electrical permittivity [7] , the applied voltage (below 5 V) is low enough such that electrolysis does not occur, and the frequency of excitation is low enough such that the charge relaxation time of the liquid is low enough to allow for the ions to balance locally [3] . Other assumptions will be stated when they arise.
The electric potential, ϕ, is related to the net charge density through Poisson's equation:
Since the height of the microchannel, 10-200 μm, is several orders of magnitude larger than the EDL thickness, roughly 100 nm, the net charge densities that occur within the EDL are negligible in comparison to the neutral net charge existent in the bulk of the fluid. Therefore, the entire domain is considered to be charge neutral. Thus, the net charge density is assumed to be zero, and as a result, the governing equation for the electrical problem in the domain is becomes:
The potential at the electrode-fluid interface is calculated using the following equation:
where σ is the electric conductivity of the fluid, ε is the electric permittivity of the fluid, ϕ DL is the potential at the outer edge of the EDL, n is the vector normal to the surface, λ Debye is the height of the Gouy-Chapman layer of the EDL, is the impedance of the double layer, is the capacitance of the electric double layer, and √ 1 is the imaginary unit. Neumann boundary conditions, · 0, are imposed on all of the remaining walls of the control volume. The Neumann boundary conditions signify electrical insulation boundary conditions confining the potential to the control volume. The potential at the left vertical edge of the model was set equal to the potential at the right vertical edge of the model using a periodic boundary condition. This periodic boundary condition was initialized in order for the central electrode array to "feel" the effects of the other electrode arrays on the left and right of the centralized electrode. This periodic boundary condition generates electric potential and electric field losses within the solution domain that exist in the experimental device.
B. Fluid Flow Analysis
In order to solve for the fluid flow induced in the microchannel, the incompressible Navier-Stokes equation will be used:
where ρ is the fluid density, v is the fluid velocity vector, p is the pressure, and f is the body force term. Several assumptions are made concerning this equation. There are no body force terms, i.e. f=0, and since the Reynold's Number is usually very small in microfluidic channels 10 the inertial terms (i.e. the left side of Equation 4) can be ignored [9] . Thus, the governing equations used for the fluid flow analysis are:
where Equation 6 defines an incompressibility of a fluid.
Since the concept of the AC EO pump is to drive a fluid by means of EO, there is no pressure difference imposed on the fluid in order to drive the fluid flow. Therefore, an equation must be used to find the fluid flow over the electrodes. Since the microchannel height is several orders of magnitude larger than the Debye length, the fluid velocity that is created by the EDL can be imposed on the electrode-fluid interface rather than the shear plane created at the interface of the Stern and Gouy-Chapman Layers of the EDL. The HelmholtzSmoluchowski formula characterizes the fluid flow over the electrode [9] :
The inertial terms were neglected, resulting in only the timedaverage component to the velocity. This is favorable since the only component of the velocity that can be measured experimentally is the timed-average velocity. Using this assumption yields a timed average slip velocity imposed at the fluid-solid interface:
where is the tangential electric field just outside the diffuse layer and Δϕ d =ϕ-ψ is the difference between the potential, ϕ, on the outer side of the diffuse layer and the potential, ψ, at inner side of the diffuse layer, at the nonslip plane. ψ becomes the zeta potential, ζ, which is the potential at the interface of the Stern Layer and Gouy-Chapman Layer that categorizes the EDL. Figure 2 shows the schematic of the zeta potential and the two layers of the EDL. Figure 2 . Schematic of the EDL and zeta potential [7] Again, the channel height is larger than the Debye length, resulting in the zeta potential becoming ψ. The zeta potential, ζ, is a difficult variable to approximate due to the variations in the creation of the Stern Layer. For accurate values, the zeta potential should be measured experimentally [7] and should be dependent on the type of fluid chosen, the fluid's electric conductivity, the type of electrolyte that is diffused into the fluid, the solid surface the fluid interacts with, and the frequency of excitation and voltage.
The top and bottom of the microchannel have boundaries set to no-slip boundary conditions. The left and right walls are set to open boundaries with no viscous stress to allow fluid to flow through the domain.
III. Numerical Simulation and Results
Multiple systems were analyzed numerically and consist of a single electrode array made of two coplanar and parallel electrodes. A symmetric electrode configuration consists of electrodes of the same width. An asymmetric electrode configuration consists of a large electrode and its counterpart, a small electrode. The electrodes are separated by a set dimension, known as L pair and the electrode pairs are separated by a set dimension, known as L array (see Figure 1) . No net forward flows are experienced for symmetric electrode arrays. A net forward flow is experienced in asymmetric electrode arrays when the smaller electrodes are charged with a positive voltage while the larger electrodes are charged with a negative voltage. For the numerical analysis, the systems are arranged as seen in Figure 3 and Figure 4 . The smaller/preceding electrode is excited with a voltage V applied =V dc +V 0 sin(ωt) and the larger/lagging electrode is charged with a voltage V applied =-V dc -V 0 sin(ωt), where V 0 is half of the peak-to-peak AC voltage, V dc is the applied DC biased voltage, ω is the frequency of excitation, and t is the specified time during the analysis. Although the asymmetric configuration shown in Figure 4 differs from that of the configuration shown in Figure  1 , both models generate a net forward flow at a specific instant in time in the microchannel and generate vortices at the edge of the electrodes. In an actual device, this configuration will be repeated throughout the channel. While a three dimensional analysis would be more desirable, because of the significant differences in size between the elements of the micropump and to save computational time, a two dimensional analysis was performed. Since the electrode width and channel depth are much larger than the electrode height, the third dimension is ignored [2] . The model shown in Figure 3 is the symmetric electrode array analyzed. The channel is 200 μm tall and 500 μm long. The electrodes are 120 μm long with an L pair value of 40 μm. The model shown in Figure 4 is the asymmetric electrode array analyzed. The channel is 200 μm tall and 500 μm long. The preceding, smaller electrode is 40 μm long and the lagging, larger electrode is 100 μm long with an L pair value of 40 μm. The two systems shown in Figure 3 and Figure 4 are analyzed for a comparison of flow rates when both configurations include a DC bias. Table I depicts the constants that were used for the analysis of both the asymmetric and symmetric electrode arrays. In order to find an optimum frequency, numerous simulations were run. Figures 5-8 detail the simulated results. Figure 6 shows the obtained flow rates for the inclusion of the proposed DC bias. The bias was increased from 0 to 0.25 volts with a constant AC voltage of 0.25 V. The constants from Table I were used to generate the simulated data plotted in Figure 6 . The results shown in Figure 6 indicate that the builtin asymmetry of the electrodes does not generate a noticeable net-flow rate. In comparison to a symmetric electrode array without the inclusion of a DC bias, the net flow rate of the asymmetric electrode array without the DC bias is noticeable since the symmetric electrode array with DC bias cannot generate net flow rates. With the inclusion of the DC bias on the asymmetric electrode array, a maximum net forward flow of 18.7 μL/min was obtained when the DC bias of 0.25 V was applied to the leading electrode and -0.25 V bias applied to the lagging electrode.
The simulation looked at the extreme values of the voltage in order to determine the simulated data. This technique is used because when the pump is operating in real time, the pumping oscillations disappear and a net flow is observed. Knowing the number of cycles and the net flow per cycle, the simulated flow rate can be compared to that of the experimental flow rate. In order to perform this comparison, a prototype has been manufactured using current planar micro-fabrication techniques at Arizona State University's (ASU) Center for Solid-State Electronics Research (CSSER).
IV. Pump Fabrication
The device was fabricated using typical planar, microfabrication techniques and the process shown in Figure 7 . for an insulating layer, (c) spinning of positive photoresist (PR) onto the wafer, (d) patterning and development of the positive PR, (e) metal deposition (10 nm of Cr followed by 90 nm of Au), (f) lift off process of removing excess metal and PR, (g) application of spin on glass (SOG), (h) reactive ion etching (RIE) of the microchannel within the SOG, (i) application of a borosilicate glass top, and (j) RIE of holes to access the microchannel.
V. Experimental Results
In order to record experimental flow values, tracer particles are injected into the micro-channel [4] . This experimental set up used is shown in Figure 8 [4] . An Agilent Function Generator was used to generate the AC wave form, an Agilent Oscilloscope was used to capture the waveform to verify peak-to-peak voltage and frequency, and 1 micron diameter polysterene beads were used as the tracer particles. The fluid used in the experiment was deionized water, with an electric conductivity of 5.5 x 10 -6 S/m. The average fluid velocity was determined by recording the time it took the particles to travel a known distance. The traveled distance and time were determined from video taken with a Moticam Digital 3.0 mega-pixel camera of the tracked particles. The experiment was conducted only for a symmetric electrode array configuration due to time constraints. As depicted in Figure 9 , the symmetric electrode configuration can pump fluids only when a DC bias is included. This is in good agreement with the simulated data that was obtained for the proposed configuration. The simulated data indicated that without the inclusion of a DC bias, no net flow rate was obtainable. The experimental results indicate, for multiple sets of symmetric electrode arrays, measured velocity of particles increase as the magnitude of the DC bias voltage increases. Thus, the inclusion of a DC bias voltage leads to a controllable net flow rate through the manipulation of the magnitudes of the AC and DC voltages imposed.
VI. Conclusion
For the AC driven flow, the simulation results indicate the existence of an optimized frequency of excitation and an optimum geometry that lead to the maximum net forward flow of the pump. For a lagging electrode width of 220 µm, microchannel height of 200 µm, applied AC voltage of 0.25 V, L array value of 290 µm, the optimum frequency was 250 Hz and the optimum geometry consisted of a preceding electrode width of 60 μm with an L pair value of 30 μm. No relevant net flows were generated with the asymmetric electrode arrays with a constant magnitude of AC voltage applied to both electrodes. However, superimposing a DC signal over the AC signal on the same asymmetric electrode array lead to a noticeable net forward flow of 18.70 μL/min. Experimental flow measurements were performed on several symmetric electrode array pump configurations manufactured using typical MEMS fabrication techniques. The experimental results are in good agreement with the simulation data. They confirm that using a symmetric electrode array excited by an AC signal with a DC bias leads to a significant improvement in flow rates in comparison to the flow rates obtained in an asymmetric electrode array configuration excited just with an AC signal. Further work will be done on asymmetric electrode array configurations.
